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Vaporized and multifragmenting sources produced in heavy ion collisions at inter-

mediate energies have been detected with the multidetector INDRA. The properties

of such highly excited nuclear sources which undergo a simultaneous disassembly
t  into particles (vaporization) are discussed in terms of thermal and chemical equi-
librium at freeze-out. For multifragmenting sources which undergo a simultaneous
disassembly into particles and fragments, properties of fragments are compared to
different models assuming statistical fragment emission-or spinodal instabilities.
Experimental charge correlations for fragments show a weak but non ambiguous
signal of the enhancement of events with nearly equal size fragments. Such a signal
' can be interpreted as a trace of spinodal instabilities.
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1 Introduction

The decay of highly excited nuclear systems through a simultaneous disassem-
bly is, at present time, a subject of great interest in micleus-nucleus collisions
at intermediate energies. Although this process has been observed for many
years, its experimental knowledge in the Fermi energy domain was strongly
improved only recently with the advent of powerful 47 devices such as IN-
DRA !. Well defined systems or subsystems which undergo vaporization or
multifragmentation can be thus carefully selected. 7

To describe the simultaneous disassembly of highly excited nuclear sources
produced in nucleus-nucleus collisions, many models presuppose that when
they disintegrate these sources have achieved partial or complete thermody-
namical equilibrium 2:345:878, This hypothesis is essential if one wants to de-
scribe the sources and understand the generated mechanisms for disassembly
as well as the properties by means of macroscopic variables such as tempera-
ture and related pressure and density. However such an assumption is a priort
not obvious if we bear in mind the shortening of all time scales with respect to
those involved at low and moderate excitation energies. The very fundamental
questions of the degree of equilibrium reached before disassembly and of the
mechanism responsible for disassembly can be only answered by confronting
these models to complete data on the deexcitation of well identified nuclear
sources.

2 ‘Thermal and chemical equilibrium for vaporizing sources

Let us first report on a comparison of the properties of vaporized quasi-
projectiles {QP), produced in binary dissipative collisions between *® Ar and
58 ;i nuclei at 95 MeV /u incident energy °, with a quantum statistical model
describing a gas of fermions and bosons in thermal and chemical equilibrium
which includes a final state volume interaction (van der Waals-like behavior)
and side feeding *%:!1.

These sources are very interesting because they represent an extreme de-

_excitation mode for very hot pieces of nuclear matter, close to the expectation

of a supercritical nuclear gas 1213, In the model, to cover the experimental
range in excitation energy per nucleon of the source (¢*), the temperature had
to be varied from 10 to 25 MeV. Isospin (IN/Z) was fixed to 1, which is very
close to the N/Z of the system. Finally the freeze-out density has been fixed
to p = pp/3, in order to reproduce the experimental ratio between the proton
and alpha yields at £=18.5 MeV.

Fig 1 shows the evolution of the chemical composition as a function of
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excitation energy of the source; we observe an excellent agreement between
data and model. Average kinetic energies of the different particles as well as
second moments of the chemical composition are also well reproduced over
the whole excitation energy range !,

The scenario producing such sources may be the following: after an in-
teraction time of around 40 fm/c (estimated from the time needed by the
two nuclei to pass through each other), partners of collisions are on the way
to thermalization. Then, due to the very high excitation energies involved,
the partners start to dissociate and reach a density around p = pq/3 within
about 30 fm/c ( see for example ref. **1%), Finally at low density and at very
high temperatures in the supercritical region of the phase diagram 1213, the
emission properties of vaporized sources at freeze-out are fixed by thermody-
namical equilibrium .

3 Experimental evidence for bulk effect in multifragmentation

Using the INDRA detector, multifragmenting fused systems have been care-
fully selected for two reactions leading to the same available excitation energy
per nucleon (~ 7TMeV) : 122 Xe +7%* Sn at 32 MeV /u and 13 Gd +™%¢ I at 36
MeV/u. The selection was performed by examining the evolution of fragment
’kinematics as a function of the dissipated energy and loss of memory of the
‘entrance channel 117,

Fig 2 shows that, for the two fused systems, we ocbserve the same Z dis-
tribution for fragments while, as a consequence, the fragment multiplicities
scale as the size of the total systems. This independence of the Z distribution,
experimentally observed for the first time %, can be considered as a strong
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evidence for a bulk effect to produce fragments. It can be related to bulk
instabilities in the liquid-gas coexistence region of nuclear matter (spinodal
region) or perhaps simply taken as a signature of a full exploration of phase
space for such heavy systems.

Lo+ l! 34 MeViy XerSn 32 MeVia

Figure 2. Experimental
fragment multiplicity
distributions and differ-
ential charge multiplicity
distributions for the 32
MeV/u Xe+8n (black his-
togram and triangles) and
36 MeV/u Gd+U (grey
= r = - = * histogram and circles).

4 Comparison to models

Many theories have been developed to explain multifragmentation (see for
example ref. ' for a general review of models). Among the models some
are related to statistical approaches whereas others, more ambitious, try to
describe the dynamical evolution of systems, from the beginning of the colli-
sion between two nuclei to the fragment formation. In the latter, theoretical
scenarios to be compared with experimental data are simulated (with approxi-
mations) via molecular dynamics, eventually including a stochastic implemen-
tation 1° or momentum fluctuations 2%, or stochastic mean field approaches
which account for the dynamics of the phase transition. It is this last type
of approach that we shall first use for a comparison with our experimental
observables. In simulations spinodal decomposition of hot and dilute nuclear
systems are mimicked and, relative to the standard nuclear Boltzmann treat-
ment, a powerful approximate tool is provided by the Brownian One-Body
(BOB) dynamics 22%. The BOB dynamics introduces a noise by means of a
brownian force in the mean field whenever the local conditions correspond to
spinodal instability. Thus the magnitude of the force is adjusted to produce
the same growth rate as the full Boltzmann-Langevin theory for the most
unstable modes in nuclear matter prepared at the corresponding density and
temperature 2.
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In reference '%, it was shown that the multiplicity and charge distributions
for both systems were correctly reproduced, but that the calculated fragment
kinetic energies were too low. Since then two major improvements have been
implemented in the simulations. Firstly, in deterministic or stochastic simu-
lations, the collision term is assumed to be local in both space and time; this
simplification is no more justified when fast unstable modes are present as
in the spinodal region. Then quantal fluctuations connected with collisional
memory effects are now taken into account with the determinant result of
about doubling the overall amplitude of fluctuations 2. Secondly the previous
simulation method consisted in simply injecting the correct {classical) fluctu-
ations when the system enters the spinodal region (Stochastic Initialisation
Method) ?%. This method led to a damping of the fluctuations. The fragment
formation time was thus artificially (and incorrectly) increased, leading to
smaller kinetic energies due to the decrease with time of the radial expansion
of the system. Then a better simulation method (BOB) was proposed 28
which takes into account the time dependence of the fluctuation source. This
method is analogous to the Langevin treatment of Brownian motion.
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The simulation {for head-on collisions, as fluctuations calculated for infi-
nite matter can be rather safely extrapolated only to systems having a spher-
ical symmetry) thus proceeds as follows !7: the dynamics is followed through
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a BNV/BOB simulation, up to the time where the fragments are formed and
well separated. The fluctuating force starts acting at the time of maximum
compression (25-30% higher than normal density} when local thermal equilib-
rium is fulfilled. Slightly after entering the spinodal region, the systems are
in thermal equilibrium at low density (0.4 the normal density), with a tem-
perature of ¢ MeV. The radial velocity at the surface is rather large ~0.1c.
When the fragments are well separated, they still bear an average excitation
energy of ~3.2 MeV/u. Then the de-excitation of the hot primary fragments,
whose mass accounts for 80% of the total systemn mass is followed through the
evaporation part of the SIMON code. Finally the results are filtered to take
into account the experimental set-up.

Figure 4. Experimental
(points, open  squate
and open points) and
SMM simulations (his-
tograms and full and
dashed curves): a) frag-
ment charge distrib., b}
fragment multiplicity
. N S S | distrib., ¢) total charge
[ 20 40 5 10 15 into fragments Zyound, d)
Charge Z Multiplicité Z>3 average kinetic energies of
fragments but the largest
(squares and full curve}
and of the largest (open
circles and dashed curve)
a3 a function of their Z.
Inputs in SMM calcula-
tions are A=202, Z=85
excitation energy=>5.0
AMeV (thermal}+0.6
AMeV (radial expansion)
and partitions are fixed
at 1/3 the normal density
(from 27},

"3 10 |
L] F

Calculated multiplicity and charge distributions of fragments well match
the experimental ones and more detailed comparisens on the charge distribu-
tions of the three largest fragments display the same excellent agreement 17,
Finally the most crucial test is performed on the fragment kinetic energies.
Figure 3 shows that the simulations now correctly reproduce the fragment
energies for the Gd+U system. For Xe+Sn, the calculated energies fall within
20% of the measured values, which is satisfactory if one remembers that there

l bucarest: submitted to World Scientific on January 20, 2000 ﬂ




were no adjustable parameters in the simulation.

A very good agreement with experimental data is also observed when
they are compared to the statistical model SMM %:25:2%:2".28_ Piguire 4 shows
this comparison for the Xe+Sn system at 32 MeV/u. For Gd+U the thermal
part of the excitation energy is also fixed at 5.0 AMeV to well reproduce
experimental data. However in this case the dynamical phase of the reaction is
ignored and parameters such as the mass and charge of the multifragmenting
system, its excitation energy, its volume (or density) and the added radial
expansion have to be backtraced to the experimental data.

5 Charge correlation of fragments and spinodal decomposition

Correlation
Correlation

i“igure 5. Fragment charge correlations for the reaction **9Xe+"2*3n at 32 MeV/u: Com-
jparison between experiment (left) and BOB calculations {right) for fragment multiplicity
%equa[ to 6 (from 9).

To put ultimate constraints on models, we can and should also compare
fragment correlations in events (fragment size ?° and fragment reduced veloc-
ities 2%). In particular, for fragment size correlations, if spinodal instabilities
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occur the most unstable modes present in the spinodal region are predicted
to favor “primitive” partitions of equal size fragments (Z:10-15) ?*. But this
simple picture is blurred by several effects: the beating of different modes, the
coalescence of the “primitive * fragments and the finite size of the system and
consequently experimental Z distributions (see fig 2) do not present any visible
enhancement around Z=10-15. Then how to search for a possible very weak
“fossil” signature of spinodal decomposition? A few years ago a new method
called higher order charge correlations was proposed in *°. To search for very
weak signals, all fragments in one event (average fragment charge Z and the
standard deviation per event AZ) are used to build the charge correlation for
each fragment multiplicity. Due to statistics in experiments this method could
be only applied on the Xe+Sn system ?°. A signal is observed for the different
multiplicities from 3 to 6. An example of the observed experimental correla-
tions is shown in figure 5 (left part). Note that if we enlarge our data sample
to the very dissipative collisions (dominated by binary collisions) the signal
is no more present. Concerning the models we again observe an impressive
agreement of the BNV/BOB simulation (simulated events are filtered to take
into account the experimental set-up) with the data (right part). Conversely
results on charge correlations built with SMM events do not show any signal
for an enhancement of events with equal size fragments.

6 Conclusions

Thermal and chemical equilibrium for a gas phase compaosed of fermions and
bosons well reproduces the properties of vaporized sources experimentally se-
lected with INDRA. Inclusion of a van der Waals-like behavior was found
decisive to obtain the observed agreement. Concerning heavy fused sytems
formed in the Fermi energy domain, a “fossil” signature of spinodal decompo-
sition as the mechanism responsible for multifragmentation of such systems is
probably observed for the first time. It consists in an enhancement of events
with equal size fragments. A full dynamical modelincluding also the dynamics
of spinodal instabilities reproduces impressively all the experimental observ-
ables. However, except the weak “fossil” signal and the precise description
ak freeze-out (velocity correlations for fragments) °, statistical models, when
adding a radial expansion, reproduce also very well the experimental observ-
ables. This fact seems to be a strong indication that dynamical instabilities
responsible for mutifragmentation lead to an exploration of practically all the
phase space.
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